A white fir (Abies concolor (Gord. & Glend.) Lindl.) levels-of-growing-stock study testing four density levels (20, 30, 40, and 50 percent of the normal stand density index value of 560) was established in spring 1983. The study was installed in four widely separated blocks in the Deschutes and Fremont National Forests. Annual increments were slightly lower than expected for the first period and much lower than expected during the second period . Mortality between 1991 and 1995 destroyed the study. A general drought prevailed over the study areas from the late 1970s to the mid 1990s. Mortality on block 1 in the Deschutes National Forest was attributed to root rot (Armillaria ostoyea (Romagnesi) Herink) and western spruce budworm (Choristoneura occidentalis Freeman). Mortality on blocks 2, 3, and 4 was attributed to fir engraver beetles (Scolytus ventralis LeConte). Results raise doubts about maintaining stands with a large component of white fir on these sites over a long period. Managed stands on these sites should have a strong ponderosa pine (Pinus ponderosa Dougl. ex Laws.) component and should be managed by using ponderosa pine stocking curves.
Introduction
A levels-of-growing-stock (LOGS) study in white fir (Abies concolor (Gord. & Glend.) Lindl.) was established in 1982 to investigate growth, yield, and mortality at low stand densities. At the time of establishment, little density-related mortality was expected. Suppressed trees were removed in the initial thinning and the study was to be repeatedly thinned. Mortality due to agents other than suppression in even-aged white fir stands had not been shown to be related to stand density. Although Ferrell (1978) reported that trees with dawn xylem pressure potentials of -20 bars or less (greater negative values) are susceptible to fir engraver beetles (Scolytus ventralis LeConte), it was not until later that Ferrell and others (1993a, 1993b ) demonstrated a positive correlation between susceptibility to these beetles and stand basal area. Stocking level curves for commercially sized trees (Cochran 1982b) , therefore, suggested managing stand densities between 50 and 75 percent of normal density (the equivalent of between 33 and 50 percent of maximum density). This range of stand densities would eliminate the development of a suppressed tree class while causing only a moderate reduction in gross cubic volume growth (Cochran and Oliver 1988) . This study, which included densities between 20 and 50 percent of normal, was destroyed by heavy mortality between 1990 and 1995. The relation of mortality and certain periodic annual increments (PAIs) to stand density for this short-lived study are presented here. The PAIs examined are those for survivor diameters, survivor heights, gross and net basal area, and gross and net cubic volume.
Each block was installed in even-aged stands, 40 acres or less in size, precommercially thinned several years earlier to a 10-foot spacing for block 1 and a 14-foot spacing for blocks 2, 3, and 4. Age at breast height in fall 1982 was 56, 67, 65, and 80 years for blocks 1 through 4, respectively. Corresponding site index values (Cochran 1979) were 79, 64, 57, and 50 feet. The site index values of Cochran (1979) are determined from the tallest five trees per acre (two tallest trees on a 0.4-acre plot) and their breast high age. The index age is 50 years. Site index values of blocks 2, 3, and 4 may be low because of past top damage from Modoc budworm (Choristoneura viridis Freeman). Stem analysis of white fir trees in the Fremont National Forest for development of height growth and site index curves (Cochran 1979) indicated that height growth of many trees had been reduced in the past, presumably by Modoc budworm (Dolf 1980) . Plots and buffer strips were thinned to assigned levels in fall 1982 and thinned again to assigned levels in fall 1985. Rethinning to assigned levels was originally planned for 10-year intervals. Initially, however, some of the plots randomly picked for the highest GSL did not meet the required density and, also, there were several ponderosa pine (Pinus ponderosa Dougl. ex Laws.) trees on these plots. After 3 years of rapid diameter growth, the highest density plots attained or exceeded SDIs of 280 for three of the four blocks so all plots were rethinned in fall 1985 to remove more of the ponderosa pine. Removal of most of the pine reduced the highest GSL below the assigned stocking level, but it was thought that density levels of these plots would rapidly increase and assigned levels could easily be retained after the next thinning in 10 years. After each thinning, thinning slash was lopped and scattered over the plots and buffer strips.
The four blocks or locations are viewed as distinct populations, so results strictly apply only to the four locations. These four blocks probably represent a much larger area in central and south-central Oregon.
Measurements
A pretreatment plot inventory was taken by measuring the diameters at breast height (d.b.h.) of each tree on the 16 experimental units. Diameters and heights (H) of all trees were measured after the initial thinning (fall 1982), before the second thinning (fall 1985) , 5 years after the second thinning (fall 1990), and 10 years after the second thinning (fall 1995). Heights were measured with optical dendrometers. Each time heights were measured, five trees on each thinned plot were measured with dendrometers so stem volume inside bark could be determined by using a modification of Grosenbaugh's (1964 ) STX program with Cochran's (1976 , 1982a ) method of estimating inside bark values along the bole. Selection of the trees measured for volume with dendrometers was made by first constructing a frequency distribution by 2-inch diameter classes after the initial thinning. Trees were then selected at random from each diameter class so that the complete range of diameter classes would be equally represented. If one of these trees died, the live plot tree closest in diameter at the previous measurement was selected as a replacement. Coefficients for the cubic volume (V) and board-foot volume (V1) equations (Schumacher and Hall 1933) ,
were determined for each block at each time of measurement by using data for the 20 trees in each block for which volumes were determined from dendrometer measurements. These equations were then used to determine volumes for individual plot trees on each block at that time. A few scattered ponderosa pine existed on some of the plots. Volumes for the ponderosa pine were determined by using the above equations with the same coefficients for all blocks. The coefficients were obtained by measuring four ponderosa pine in each block for volume and forming a separate set of pine volume equations for each time of measurement. Heights to tip always were measured, and cubic volumes always included stump and tip, even though some of the tips on block 1 may have been dead toward the end of the study.
One 3-year (1983-85) and two 5-year measurement periods (1986-90 and 1991-95) exist for the study. Periodic annual increments (PAI, growth during each period divided by the number of growing seasons in the period) were calculated for survivor diameters and heights as well as gross and net basal area and cubic volume. In calculating gross and net cubic volume PAIs, no attempt was made to estimate volume of tops that might be dead. Volumes were calculated by assuming all tops of living trees were live. Observations for mortality consist of trees that died on each plot during each period (16 plots observed for 3 periods, or 48 observations). Percent mortality (mortality during each period divided by live tree values at the start of the period multiplied by 100) was calculated for trees per acre, basal area, and cubic volume. Ratios of dead:live tree diameter (QMD of trees that died during a period divided by the QMD of all live trees at the start of the period) also were determined.
Defoliation became severe on block 1 as the study progressed (Sheehan 1996) . Current and cumulative percentage of defoliation (to the nearest 10-percent class) by crown thirds and bare top as a percentage of total tree height were estimated for each tree on the plots in this block in fall 1992 (USDA 1991).
Analyses
Repeated measures (split-plot in time) or standard analyses of variance (SAS Institute 1988) were used to test the following hypotheses: (1) There was no difference in mortality by block, GSL, or period; (2) there were no differences in survivor PAIs for QMD or average height by block, GSL, or period; (3) there were no differences in gross and net PAIs of basal area or cubic volume by block, GSL, or period; and (4) there was no difference in the ratio (QMD of mortality during period)/(QMD of live trees at start of period) for period 3. Because there were four GSL levels, a thirddegree polynomial can be used to describe the relation between response and GSL. Linear, quadratic, and cubic or lack-of-fit effects were, therefore, tested by using orthogonal polynomial methods. Treatment average SDI values for GSLs 20, 30, 40, and 50 were 119, 175, 232, and 270 at the start of the three growth periods. These average values were used in determining the coefficients for these tests (Bliss 1970). Extreme mortality rates, which increased over time, produced a heterogeneity of variance situation that could not be corrected; thus the probability levels for tests of significance are potentially biased and error variances are not characteristic of treatment means for any particular periods. In spite of this problem, the above analyses were still run. The outcomes are obvious, and the conclusions could probably have been made without these analyses, but the added support is believed helpful.
Results
Before the initial thinning, the plots on block 1 had an average of 461 TPA and 270 square feet per acre of basal area. Plots on blocks 2, 3, and 4 had an average of 223 TPA and 145 square feet per acre of basal area. After the initial thinning, QMDs ranged from 9.2 to 13.7 inches, average heights ranged from 38.2 to 70.4 feet, basal areas ranged from 62 to 152 square feet per acre, cubic volumes ranged from 1,014 to 4,365 cubic feet per acre, and board-foot volumes per acre ranged from 3,281 to 20,351 (table 2). All four stands appeared healthy, and examination of past radial growth of sections at breast height from some of the trees thinned in 1982 showed no evidence of serious basal area growth loss in the past.
Mortality and Defoliation
Mortality occurred on 4 of the 16 plots during the first period (spring 1983-fall 1985) , 8 plots during the second period , and all plots during the third period (1991-95) (table 3) . Cubic volume lost during period 3 ranged from 5.2 to 81.8 percent of the live volume at the start of the period (table 4) . The TPA, basal area, and cubic volume of dead trees varied significantly (p < 0.10) with block or location, as well as period, and increased linearly (p < 0.10) with increasing GSL. The slope of these mortality-GSL relations varied with period as shown by the significance (p < 0.10) of the linear term of the period-by-GSL interaction (table 5) . The cubic volume lost during the third period seems to be linearly related to the cubic volume at the start of the period for blocks 2, 3, and 4 ( fig. 1 ). Analyses of mortality expressed as percentages produces the same results except no components of the period-by-GSL interaction were significant. Trees that died were about the same size as the trees that lived. For the third period, the ratio (QMD of mortality)/(QMD of live trees at the start of period) was 0.98, 1.02, 0.95, and 0.98 for GSLs 20 through 50, respectively. This ratio did not vary significantly (p < 0.10) with block or GSL (statistics not shown).
Each dead tree was examined. Mortality in block 1 was attributed to a combination of root rot (Armillaria ostoyea (Romagnesi) Herink) and western spruce budworm (Choristoneura occidentalis Freeman). All dead trees in block 1 showed evidence of being infected with root rot. Mortality in blocks 2, 3, and 4 was attributed to fir engraver beetles. Only two of the dead trees on these blocks (both on block 4) displayed evidence of armillaria root rot.
Minor defoliation from Modoc budworm occurred on blocks 2, 3, and 4. Spruce budworm was first noticed in the area containing block 1 in 1985 and defoliation increased in intensity during the following years. By fall 1992, defoliation of current year's growth was 90 percent or greater for all crown thirds on all plot trees. Cumulative defoliation averaged greater than 80 percent for the top crown third, 70 percent for the middle crown third, and 60 percent for the lower crown third. Bare tops averaged from 8 to 17 percent of total tree height for the four GSLs (table 6) .
Periodic Annual Increments
All PAIs except net cubic volume PAI differed (p < 0.10) with block or location (tables 7 and 8). Survivor PAIs for QMDs were similar for all blocks during the first period (1983-85), but for periods 2 (1986-90) and 3 (1991-95), these PAIs were lowest for block 1 (table 8) . Survivor height PAIs in block 1 went from an average of 0.5 foot per year in the first period to less than 0.1 foot per year in the next two periods (table  8) . Survivor height PAIs for blocks 2 through 4 averaged 0.4 or 0.5 foot per year during periods 2 and 3. Survivor QMD and height PAIs decreased linearly (p < 0.10) with increasing GSL (table 7, figs. 2 and 3). Gross and net PAIs for basal area and gross PAIs for volume changed linearly (p < 0.10) with GSL (table 7, figs. 4 and 5). Significant (p < 0.10) differences in net cubic volume PAIs with block (location) or GSL were not detected owing, probably, to an inflated error term. All PAIs differed (p < 0.10) with period (table 7) . Slopes of all PAI-GSL relations except those for survivor heights changed with period, thereby resulting in significance (p < 0.10) of the linear component of the period-by-GSL interaction term (table 7) . Slopes for the gross cubic volume PAI-GSL relation were negative during the last period (1991-95) for blocks 2 and 4 (data not shown) and slopes for the net cubic volume PAI-GSL relation were negative for all blocks during the last period ( fig. 6 ). Net PAIs for basal area and volume for all blocks were negative for period 3 (table 7) .
General observations in the study areas and at other locations indicated that high mortality rates were not confined to the study plots. Many white fir trees died in central and south-central Oregon during the 1985-95 period.
Discussion and Conclusions
A general drought began in 1976, and annual precipitation was below normal for several years of the study (table 9 ). This drought probably was responsible for some of the reduction in PAIs in the second and third periods of the study. Defoliation by spruce budworm severely reduced growth rates, particularly height growth in block 1 during periods 2 and 3. Root rot mortality in block 1 began during period 2 and was severe during period 3. Attempts to separate growth losses due to the three agentsdrought, budworms, and root rot-by using dendrochronology procedures (Swetnam and others 1985) were not made. The combined effect of the three agents on mortality and PAIs was severe. A relation between mortality (tables 3 and 4) or budworm damage (table 6) and GSL is not evident for block 1. Overall, the increase in both mortality rates and gross cubic volume PAIs with increasing GSLs resulted in a nondetectable difference in net cubic volume PAI with GSL (table 7) .
Modoc budworm is endemic across much of the Fremont National Forest (the locations of blocks 2, 3, and 4) and caused some defoliation in these study areas. Fir engraver beetles were responsible for the mortality on these blocks while drought, and to a lesser degree, defoliation were responsible for reductions in survivor diameter and height PAIs. Mortality from fir engraver beetles appeared to increase with increasing stand densities and was above acceptable levels even at the lowest stand density (20 percent of the density considered normal for white fir). Schultz 1 used an isohyetal map of mean annual precipitation (Rantz 1969) and observations of white fir mortality, due mostly to fir engraver, to rate the risk of this mortality for the Modoc National Forest, California. He proposed four risk levels based on annual precipitation:
Only block 1 with 31 inches of annual precipitation would have a medium risk rating in this system; block 2 (16 inches of annual precipitation) would have an even higher than extreme rating, block 3 (20 inches of annual precipitation) would be rated as extreme, and block 4 (28 inches of annual precipitation) would be given a high risk rating.
Healthy stands of white fir grow very rapidly, produce a dense crown cover, and are visually pleasing. These results, however, raise doubts about growing white fir stands on sites with mean annual precipitation rates below 32 inches even if stand densities are kept very low. The four widely scattered stands represented in this study apparently grew well for more than 60 years and reached commercial size before severe mortality occurred. Where significant amounts of white fir are present, managers need the ability to manipulate stand composition to minimize mortality. Future stands on similar sites should have a large component of ponderosa pine and should be managed by using ponderosa pine stocking guides (Cochran and others 1994). These density levels would allow the individual fir trees, intermingled with pine, to reach commercial size at fairly young ages. If drought, disease outbreaks, or severe insect infestations occur, the white fir could be removed, leaving ponderosa pine on the site. Ponderosa pine quickly responds to new growing space even at old ages and would quickly take advantage of the available site resources. Ferrell (1978) reports that trees under high moisture stress (-20 bars dawn xylem pressure or higher negative pressures) for protracted summer periods are more susceptible to successful fir engraver attacks than are trees under less stress. If prolonged droughts are forecast, removal of most of the white fir on drier sites may be advisable. This would prevent the buildup of fir engraver populations that could migrate to moist sites and inflict heavy damage where, historically, white fir has survived dry periods. 
